Oxygen-carrier particles consisting of 40 wt% NiO supported on 60 wt% Mg-stabilized ZrO 2 were produced by freeze granulation and examined as oxygen carrier for chemicallooping applications. Firstly, the particles were examined by oxidation and reduction experiments in a batch fluidized-bed reactor. These experiments indicated very high reactivity with CH 4 and low affinity for carbon formation. For highly oxidized particles the products were CO 2 and H 2 O, while for reduced particles they were CO and H 2 . Secondly, the particles were examined by 40 hours of operation in a small circulating fluidized-bed reactor, using natural gas as fuel. For chemical-looping combustion, there was complete conversion of fuel into products with high selectivity towards CO 2 and H 2 O. At 950ºC, a combustion efficiency of 99.3% was achieved, which is only 0.1%-point below the theoretical maximum, i.e. thermodynamic equilibrium. For chemical-looping reforming, the conversion of fuel was 99.9% or higher, with high selectivity towards CO and H 2 . Operating at the desired process parameters, which was a fuel reactor temperature of 950ºC and an air ratio of 0.30, worked flawlessly. When only natural gas was used as fuel there was slight formation of solid carbon in the fuel reactor. Adding 30 vol% steam to the fuel removed the carbon formation. The particles retained their physical and chemical structure reasonably well during operation.
Introduction
In recent years, concerns that emissions of CO 2 from combustion of fossil fuels may lead to changes in the climate of the earth have been growing steadily. As a consequence, a majority of the scientific community now concludes that global CO 2 emissions would need to be reduced greatly in the future, see for example the IPCC report 1 .
One way to reduce CO 2 emissions that is receiving significant interest is carbon capture and storage, which involves capturing of CO 2 in emission sources and storing it where it is prevented from reaching the atmosphere. For example, CO 2 could be captured in flue gas from combustion or industrial processes, and stored in geological formations such as depleted oil fields or deep saline aquifers. CO 2 could also be captured in processes for H 2 generation that uses fossil fuel as raw material, such as partial oxidation, auto-thermal reforming or steam reforming. This procedure could be used to generate H 2 , which could be used for vehicle fuel as well as for other applications, without emissions of CO 2 to the atmosphere. An inclusive source for information about carbon sequestration is IPCC:s special report on CO 2 capture and storage 2 .
The chemical-looping concept involves oxidation of a fuel using oxygen from a solid oxygen carrier. This way the products are not diluted with N 2 , and the need for costly gas separation is eliminated. Hence chemical-looping technologies are interesting both for CO 2 capture applications in combustion processes, and for H 2 generation through gasification and reforming processes. Because of this, chemical-looping technologies could have a significant role to play in the global task to reduce anthropogenic CO 2 emissions.
Technical background

Chemical-looping combustion (CLC)
In chemical-looping combustion, two separate reactors are used, one for air and one for fuel. A solid oxygen carrier performs the task of transporting oxygen between the reactors.
Direct contact between fuel and air is avoided, so the combustion products are not diluted with N 2 , see Figure 1 .
Figure 1. Schematic description of chemical-looping combustion.
Typically, the abbreviation MeO is used to describe the oxygen carrier in its oxidized form, while Me is used for the reduced form. This is because many potential oxygen-carrier materials are metal oxides. The oxygen carrier circulates between the reactors. In the fuel reactor, it is reduced by the fuel, which in turn is oxidized to CO 2 and H 2 O according to reaction (1). In the air reactor, it is oxidized to its initial state with O 2 from the combustion air according to reaction (2) .
C n H m + (2n+½m) MeO → n CO 2 + ½m H 2 O + (2n+½m) Me (1)
The amount of energy released or required in each reactor vessel depends on the nature of the oxygen carrier and the fuel. Reaction (2) is always strongly exothermic. For most oxygencarrier materials, reaction (1) is endothermic if the fuel is a hydrocarbon. Therefore the flow of solid oxygen carrier must also be used to transfer sensible heat from the air reactor to the fuel reactor. The net energy released in the reactor system is the same as in ordinary combustion. This is apparent since combining reaction (1) and reaction (2) yields reaction (3), which is complete combustion of the fuel with O 2 .
The exhaust gas from the air reactor consists mainly of N 2 25 .
Information about additional potential oxygen-carrier materials can be found in the work of Jerndal et al 26 , which includes a theoretical examination of 27 different oxide systems.
Chemical-Looping Reforming (CLR)
Chemical-looping reforming utilizes the same basic principles as chemical-looping combustion. The difference is that the products desired are not heat but synthesis gas, i.e. a gas mixture consisting mainly of H 2 and CO. Chemical-looping reforming could be described as a process for partial oxidation of hydrocarbon fuels, where a solid oxygen carrier is used as a source of undiluted oxygen. This would eliminate the need for expensive and power demanding air separation. The principles of chemical-looping reforming are illustrated in Figure 2 .
Figure 2. Schematic description of chemical-looping reforming.
Chemical-looping reforming is operated at understoichiometric conditions, i.e. insufficient oxygen is added to the air reactor to completely oxidize the fuel added to the fuel reactor. In the air reactor, reaction (2) will occur, just as in chemical-looping combustion. All added oxygen will be consumed, so the depleted air will consist of only N 2 . In the fuel reactor, some fuel may become completely oxidized to CO 2 and H 2 O via reaction (1), but the larger share should react according to reaction (6) , partial oxidation using oxygen from the oxygen carrier.
C n H m + n MeO → n CO + ½m H 2 + n Me (6) Steam or CO 2 could be added to the fuel to enhance the relative importance of steam reforming, reaction (7), or CO 2 reforming, reaction (8) , respectively. This could be useful if synthesis gas with a H 2 /CO-ratio that does not correspond to the H/C-ratio of the fuel is desired. Steam or CO 2 also suppress formation of solid carbon via reactions (4-5), which potentially could become an obstacle at understoichiometric conditions.
C n H m + n CO 2 ↔ 2n CO + ½m H 2
The overall reaction energy of the reactor system varies as the relative importance between reactions (1-2) and reactions (6-8) is altered. When the fuel and oxygen carrier reacts according to reactions (1) and (2), heat corresponding to the lower heating value of the fuel is released. When the fuel reacts according to reactions (6) and (2), heat corresponding to the reaction energy for partial oxidation of the fuel is released. Reactions (7) (8) by pumping the slurry to a spray nozzle where passing atomizing-air produced drops, which were sprayed into liquid nitrogen where they froze instantaneously. The frozen water was removed by sublimation in a freeze-drier. After drying, the resulting particles were sintered for 6 hours at 1400ºC in order to improve their mechanical strength. The density of the resulting oxygen-carrier material was 4.1 g/cm 3 , which corresponds to a void fraction of 33%.
The average force required to crush a particle with a size of 180-250 μm was 1.7 N, using a Shimpo-5 crushing strength apparatus.
The batch fluidized-bed reactor
The batch experiments were conducted in an 820 mm long quartz reactor, with an inner diameter of 22 mm. A porous quartz plate, on which the oxygen-carrier sample is applied, is located 370 mm above the bottom of the reactor. During operation, the sample is fluidized by adding gas to the bottom of the reactor, and the porous plate acts as gas distributor. Chemicallooping conditions are simulated by altering between oxidizing and reducing fluidization gas.
In order to reach suitable temperature the reactor is placed inside an electrically heated furnace. Reactor temperature is measured below and above the porous plate, using thermocouples enclosed in quartz shells. The pressure drop over the bed is measured with pressure transducers. The gas from the reactor is led to a cooler, in which the water is removed. Following this step the volumetric flow of gas is measured, and the composition 9
analysed. The concentrations of CO 2 , CO and CH 4 are measured using a gas analyzer (Rosemount NGA-2000). Bag sampling, for further examination of produced gas with gas chromatography (Varian Micro-GC CP4900), is also conducted.
The circulating fluidized-bed reactor
The continuously operating experiments were carried out in a small-scale laboratory reactor. The reactor has been used earlier for similar experiments by Rydén et al 20, 29 . A schematic picture of the reactor is shown in Figure 3 . Prior to analysis, the gas from the reactor passes through particle filters, coolers and water traps. Therefore, all measurements are made on dry gas. CO 2 , CO and CH 4 are measured using infrared analyzers while O 2 is measured with paramagnetic sensors (Sick|Maihak S710).
The gas from the fuel reactor is also examined with a gas chromatograph (Varian Micro-GC CP4900), which is necessary to measure H 2 . In addition to this, the gas chromatograph also measures CO 2 , CO, CH 4 , O 2 and N 2 .
Evaluation of data
For the circulating fluidized bed experiments, the concentration of H 2 in the gas from the fuel reactor was measured with gas chromatography, which provided one measuring point every five minutes. For the batch experiments, H 2 could only be measured by bag sampling, which also provided relatively few measuring points. So in order to facilitate the analysis, an estimated value of the concentration of H 2 in dry gas, x H2,fr , was also calculated, as supplement to the data measured with the gas chromatograph. This was done by solving the species balance over the reactor, assuming that there was no formation of solid carbon and that the gas composition from the fuel reactor corresponded to thermodynamical equilibrium for the water-gas shift reaction. The calculated numbers for x H2,fr were very close to those measured directly with the gas chromatograph. This could be expected, since Ni is a potent catalyst for the water-gas shift reaction at the used temperatures. Once x H2,fr was calculated,
x N2,fr as well as corresponding wet gas concentrations could easily be calculated with a species 11 balance. A detailed description of the methodology for these calculations can be found elsewere 20 .
The performance of a chemical-looping combustion process is best expressed with the combustion efficiency, γ eff , which is defined in expression [9] .
In expression (9) , n i is the molar flows of each component, while H lhw,i is its lower heating value. The definition does not take into account the possibility of carbon formation in the fuel reactor, or that higher hydrocarbons could be present in the fuel-reactor gas. Neither of these phenomena is believed to have occurred at any significant degree during the experiments presented in this paper. It can also be of interest to look specifically at the fraction of unconverted CH 4 that slips through the reactor and compare it to the total amount of added carbon, f CH4 , see expression (10) .
For chemical-looping reforming, an air ratio Ψ can be calculated with expressions (11) (12) (13) (14) , using three oxygen to carbon ratios. (O/C) fr refers to the actual gas from the fuel reactor,
(O/C) fm refers to the fuel mixture, and (O/C) cc refers to the gas composition that would have been obtained by complete combustion of the fuel. In expressions (12) (13) (14) , the moles of oxygen in the fuel, n O,fuel , is 0.01, the moles of carbon, n C,fuel is 1.14, and the moles of oxygen needed for complete combustion, n O,cc,fuel is 4.41 for one mole of the natural gas used. For CH 4 , the corresponding numbers are 0, 1 and 4. 
A Ψ of 1.0 means that sufficient oxygen has been added to the fuel mixture via the oxygen carrier to oxidize it completely to CO 2 29, 30 .
The oxygen ratio, R 0 , is defined in expression (15) , and the degree of oxidation of the oxygen carrier, X, is defined in expression (16) . 
In expressions (15) (16) , m s is the actual mass of the sample, m s,ox is the mass of the sample when fully oxidized, and m s,red the mass of the sample while completely reduced. The oxygen ratio R 0 is the mass fraction of oxygen in the particle that can be made to react with the fuel. R 0 is 21.4 wt% for unsupported NiO and 8.6 wt% for the oxygen carrier used in the experiments described in this paper.
The degree of reduction, X, change during operation, and is calculated in different ways depending on experimental setup. For the batch experiments, X can be calculated as function of time using expression (17) . 
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In expression (17) , X i is the conversion as a function of time for period i, X i-1 is the conversion after the preceding period, t 0 and t 1 are the times for the start and finish of the period respectively, n o,oc is the moles of active oxygen in the unreacted oxygen carrier, n out,tot is the molar flow of the gas leaving the reactor after the water has been removed, P tot is the total pressure, and p CO2,fr , p CO,fr and p H2,fr are the outlet partial pressures of CO 2 , H 2 and CO after the removal of H 2 O. For the circulating-fluidized bed experiments, the best way to estimate X is to see how much O 2 that is consumed during reoxidation of the oxygen carrier, see Figure 9 and section 4.2 below.
Results
Experiments in batch fluidized-bed reactor
A sample of 15 g of oxygen-carrier particles in the size range 125-180 μm was added to the reactor, which corresponds to a bed height of ≈1.5 cm. During heating to this temperature, the reactor was fluidized with N 2 . Chemical looping was simulated by altering between reducing and oxidizing conditions. The experiments can be divided into two subcategories:
 Continuous experiments
The particles were exposed alternately to reducing and oxidizing conditions. The reduction was conducted in one single period, lasting 60-180 seconds. The gas flow was 0.45 L n /min CH 4 , with or without 30 vol% steam addition. Some reductions with 11-33% CH 4 in N 2 were also conducted. The sample was reoxidized by a mixture of 5% O 2 and 95% N 2 . A low oxygen concentration was used in order to avoid excessive heating of the bed. In between oxidation and reduction, the reactor was fluidized with N 2 for 180 s, in order to avoid oxygen and methane mixing.
 Pulse experiments
Similar to above, but the reduction period was divided into pulses of 2, 4 or 6 seconds. Between each pulse, the reactor was fluidized with N 2 for 60 seconds. A more detailed description of the procedure can be found in a study by Johansson et al 31 .
In total, 4 separate samples were examined. A summary of the batch experiments can be found in Table 1 . All batch experiments were conducted with a furnace temperature of 950°C. Since reactions (1), (3) and (6) (7) (8) are endothermic, the actual reactor temperature decreases slightly during the reduction phase. For extended reduction periods with steam addition, the temperature reduction could be 15°C. During reoxidation, the exothermic reaction (2) resulted in a temperature increase of up to 10°C.
An example of the produced gas composition during a typical continuous reduction is shown in Figure 4 , while Ψ and f CH4 have been plotted as a function of X for the same experiment in Figure 5 . In Figures 4-5 , it can be seen that the reduction of the sample initially resulted in almost complete oxidation of CH 4 into CO 2 and H 2 O. However, some minor amounts of CH 4 slip through the reactor when X is very close to 1. In Figure 6 , x CH4 has been plotted as a function of X for a comparable pulse experiment, and it can be seen that there is a small CH 4 peak for the first pulse here as well. The reason for this phenomenon is likely that there is no metallic Ni present in the fully oxidized sample. It is well established that metallic Ni catalyzes the decomposition of CH 4 and other hydrocarbons into more reactive components such as CO and H 2 . Consequently, it is not surprising that there is no CH 4 present in the gas from the reactor once the sample is reduced somewhat and metallic Ni is obtained, as can be seen in Figures 5-6 . This implies that it is not necessarily a good idea to operate a chemical-looping combustion process with the highest possible rate of solids circulation, since this would result in a value of X close to 1 in the fuel reactor, which could lead to incomplete conversion of CH 4 or other hydrocarbons.
In Figures 4-5 , it can be seen that the products start to shift towards H 2 and CO when X is reduced to below 0.85-0.90. This could be expected, since less O 2 will be available for the oxidation reactions. A chemical-looping combustion process would need to operate above this number. In order to obtain a product composition that corresponds to the desired Ψ value for chemical-looping reforming of 0.30, an X of slightly below 0.5 is needed at these particular conditions. However, it should be pointed out that the composition of produced gas likely will depend upon factors such as fuel to oxygen-carrier ratio, temperature, pressure etc.
In Figures 5-6 , it can be seen that minor amounts of CH 4 slip through the bed when the oxygen carrier have been reduced to very low numbers. This can be connected to the composition of produced gas, since there is a thermodynamical limitation for how high CH 4 conversion there can be when the degree of oxidation of the gas product, Ψ, approaches 0.30. tendency. There were no problems with defluidization or agglomeration of the particles, at any occasion.
Experiments in circulating fluidized bed
A sample of 240 g of particles in the size range of 90-212 μm was added to the twocompartment reactor, which resulted in a bed height in the fuel reactor of ≈4.0 cm. Later, another 60 g of particles was added, which increased the bed height to ≈5.5 cm. The reason why the modest increase in the amount of particles in the reactor results in a comparably large increase in bed height is that when only the smaller amount is used, a comparably larger share will be located to the downcomer. Natural gas with a composition equivalent of C 1.14 H 4.25 O 0.01 N 0.005 was used as fuel. The experiments in the continuously operating reactor can be divided into two subcategories:
 Chemical-looping combustion (CLC)
The aim of a CLC experiment was to convert as large share of the fuel as possible to 
 Chemical-looping reforming (CLR)
The aim of a CLR experiments was to convert the fuel to CO and H 2 . This was achieved by using an air to fuel ratio below the stoichiometric requirement for combustion, i.e. a fuel flow of 1.20-1.50 L n /min natural gas and an air flow of 3.80-6.50 L n /min. Most of the time, 30 vol% steam was added to the natural gas in order to suppress formation of solid carbon in the fuel reactor and to obtain a process that, from a thermodynamic point of view, resembles conventional auto-thermal reforming.
Prior to the experiment, the overpressure in the fuel reactor was set to 200-250 Pa by adjusting the level in the water seal. The furnace was heated to a temperature slightly above the desired fuel reactor temperature. During this period both reactor sections were fluidized with air. When sufficiently high temperature was reached, the air to the fuel reactor was replaced by N 2 , and after a minute or two, by fuel. Steady-state conditions were reached after a few minutes, depending on the fuel and air flow.
Most data referred to in this paper are from the period following the start-up sequence.
Typically, this period was 1-3 hours. Some experiments were done by varying process parameters such as temperature and gas flows, while others were done at as stable conditions as possible
At the end of each experiment, the oxygen-carrier particles were reoxidized. Most often, the following procedure was used. Fuel and air was replaced with 1.0 L n /min N 2 in each reactor part, which reduced the gas velocity in the air reactor to below the terminal velocity for the particles, and hence there should be no solids circulation. After a few minutes, N 2 was replaced with 1.0 L n /min air in both reactor sections. The reoxidation provided some information about accumulation of solid carbon in the system, the degree of reduction of the particles in each reactor section and subsequently the magnitude of the solids circulation. In total, 40 hours of operation with fuel were recorded. A summary can be found in Table 2 .
Experiment (Type)
Bed mass (g) 
Chemical-looping combustion results
Natural gas without steam addition was used as fuel for all chemical-looping combustion experiments. These experiments worked flawlessly. The conversion of natural gas was always 19 very close to 100% and the selectivity towards CO 2 and H 2 O was high. An example of the concentration of the outlet gas from the fuel reactor, using the base case process parameters, is shown in Figure 7 . In Figure 7 , it can be seen that H 2 and CO were present only in very small proportions, 0.5 vol% or below. The concentration of CH 4 was too low to measure, and since higher hydrocarbons are expected to be at least as reactive with NiO as CH 4 , it can be assumed that the conversion of hydrocarbons was very close to 100%.
The results were remarkably stable for variations in process parameters. Due to thermodynamic constraints, NiO is incapable to fully convert natural gas into CO 2 and H 2 O and the highest possible value of γ eff at 950ºC is 99.4%. With base case parameters, as in 
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It can be concluded that the resulting gas concentration at 950°C are close to the theoretical maximum. When the reactor temperature was reduced below 800ºC, γ eff did decrease somewhat. There was still complete conversion of CH 4 , but some CO and H 2 were produced instead of CO 2 and H 2 O, see Figure 8 . The reduction in γ eff as function of temperature, as can be seen in Figure 8 , is likely due to slower reaction kinetics at lower temperatures. From a thermodynamical equilibrium point of view, reducing temperature would have improved γ eff slightly.
It was not possible to measure the circulation of solids between the reactor halves directly.
However, it was possible to do estimations, using the difference in the degree of reduction between the particles in the air reactor and the particles in the fuel reactor, which in turn could be estimated from the reoxidation data, such as is shown in Figure 9 . In Figure 9 , it can be seen that once air was added to the reactor, there was an almost immediate breakthrough of O 2 in the air reactor. The time delay in the system was approximately 30 seconds, so it can be concluded that the oxygen carrier was close to completely oxidized in the air reactor. After another minute or so, the oxygen carrier in the fuel reactor is reoxidized and O 2 starts to slip through here as well. From this data it can be estimated that the degree of reduction in the fuel reactor during chemical-looping combustion was 4-6%, i.e. X fr was 0.94-0.96. According to the batch experiments, this is probably close to the ideal conditions for chemical-looping combustion, since there would be metallic Ni present to catalyze decomposition of hydrocarbons, while oxygen would still be readily available. The numbers corresponds to a solids circulation between the reactor halves of 5-10 g/s, and a residence time in the fuel reactor of 10-20 s.
In Figure 9 , it can also be seen that was some CO 2 released when air was added. This was likely due to minor amounts of solid carbon formed in the fuel reactor via reactions (4-5), which accumulated at stagnant locations such as inside the pressure measurement taps. The amount of CO 2 produced in Figure 9 corresponds to approximately 0.1 wt% of the total amount of carbon added to the reactor during the experiment, which in this case lasted for 2 22 hours. If 30 vol% steam was added to the natural gas, there was no detectable accumulation of solid carbon in the system.
In order to put the results into some perspective, it is worth comparing them to an earlier series of experiments by Rydén et al 20 , where three NiO-based oxygen carrier materials were examined in a reactor setup very similar to the one used here. These materials had considerably lower NiO content compared to the oxygen carrier used here, and the resulting γ eff varied between 40-98.5%. In another series of experiment, Linderholm et al 15 , used the same reactor setup to examine oxygen-carrier material made from commercially available NiO, Al 2 O 3 and production methods, rather than using particles manufactured with laboratory-grade chemicals. The maximum γ eff for these experiments appears to have been in the order of 99%. Further, Johansson et al 9, 10 examined chemical-looping combustion of natural gas using a reactor system comparable to the one used in this paper. Two NiO-based oxygen carriers were examined, which both provided γ eff up to 99%.
Chemical-looping reforming results
The chemical-looping reforming experiments also worked well. The conversion of natural In Figure 10 , it can be seen that the natural gas initially was completely oxidized to CO 2 and H 2 O. However, since the oxygen added to the air reactor is insufficient to reoxidize the oxygen carrier completely, the overall degree of oxidation of the particles in the system slowly decreases, and the products shifts towards CO and H 2 . In the example presented in Figure 10 , steady state is achieved after about 20 minutes. This means that the particles are in a reduced state not only in the fuel reactor, but in the air reactor as well. Using reoxidation experiments similar to the one shown as in Figure 9 , X ar was estimated to 0.40-0.60 and X fr to 0.20-0.35, depending on process conditions. This corresponds to a solids circulation in the range of 0.7-1.5 g/s, and a residence time in the fuel reactor of 60-100 s. So in order to give the desired product composition, the oxygen carrier needed to be reduced somewhat further here compared to the batch experiments. The likely reason is that the oxygen carrier to fuel ratio, residence time etc was higher for the experiments in the circulating-fluidized bed reactor compared to the batch reactor.
It should be noted that the solids circulation apparently was much lower for chemicallooping reforming experiments compared to chemical-looping combustion experiments. The likely reason for this is that much lower air flows were used. The air flow is the force that transports particles into the downcomer, and thus creates the solids circulation.
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For chemical-looping reforming experiments where only natural gas was used as fuel, there was some carbon accumulation in the fuel reactor. The numbers were larger than for chemical-looping combustion, in the order of 0.3 wt% of the total amount of carbon added during the experiment. Still, this is small compared to earlier experiments using similar methodology 20, 28, 29 . If 30% steam was added to the natural gas, there were no indications that there was any formation of solid carbon within the reactor system. It can be concluded that the used oxygen carrier seems less prone to propagate carbon formation in the fuel reactor compared to oxygen carriers examined in the studies cited above.
Effects on the oxygen-carrier particles
Following the experiment, the reactor was opened and the particles examined. It was found that some of the particles had elutriated. Of the 300 g particles added to the system, about 280 g remained in the reactor. 3 g was collected in the water seal after the fuel reactor. 2 g of particle dust was found in the filters to the gas analyzing equipment. A few grams of particles could possibly have been lost during handling. The most likely explanation is that the remaining ≈10-15 g was lost as fines, which possibly could have blown out of the reactor system via the air reactor.
A comparison of the size distribution between fresh particles and particles which have been used for 40 hours of operation in the continuously operating reactor can be found in Table 3 . The size of the particles apparently increased somewhat during the experiments. This is likely an effect of an increase in porosity during repetitious oxidation and reduction. The apparent density of the particles had decreased from 4.1 g/cm 3 to 3.7 g/cm 3 . 
Gas leakage between reactor sections
The slot and the downcomer were fluidized with N 2 . This resulted in a slight dilution of the gases from the fuel reactor and the air reactor. In addition to this, gas leakage between the reactor sections via the slot and the downcomer is a possibility. These phenomena were examined by performing leak tests, during which the loaded reactor was operated at relevant temperatures but without fuel. Air was fed to the air reactor, N 2 to the slot and the downcomer, and CO 2 to the fuel reactor, and it could be calculated how the different gas components distributed themselves within the reactor system. Later, the estimated numbers have been verified during operation using Ar as fluidization gas, and gas chromatography to measure the leakage of N 2 to the fuel reactor. These experiments used similar process parameters, but a different oxygen carrier, compared to the experiments presented in this paper.
Both methods indicate that the leakage of air from the air reactor to the fuel reactor was close to zero, or at most 0.5 vol% of the air flow. This means that at least 99%, and in most cases close to 100%, of the oxygen present in the combustion products leaving the fuel reactor originates from the solids circulation.
The leakage from the fuel reactor to the air reactor was in the order of 0.04-0.08 L n /min. This corresponds to 1-2 vol% of the fuel-reactor flow in chemical-looping reforming experiments and 3-7 vol% of the fuel-reactor flow in chemical-looping combustion experiments. Gas leakage this way is believed to have very little impact on the experimental results. The leakage could be estimated by leak tests, as well as by measuring the concentration of CO 2 in the gas from the air reactor. It can not be ruled out that a small share of the measured CO 2 from the air reactor could be due to coke formation in the fuel reactor, which could be transferred to the air reactor via the solids circulation. This is not believed to have happened to any larger extent though.
A flow of 0.40 L n /min N 2 was needed for fluidization of the downcomer and the slot. 80% of the N 2 was added to the downcomer, which has an exit that is located above the particle bed, which is where the chemical reactions should take place. Hence it seems unlikely that the 26 N 2 dilution would have had any significant impact on the experimental results. Typically, 50-75% of added N 2 ended up in the fuel reactor and the rest in the air reactor.
Discussion
Freeze-granulation is not a suitable method for large-scale production of oxygen-carrier particles. However, it has been shown by Jerndal et al 32 the slight accumulation of carbon within the reactor system.
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Finally, it shall be pointed out that reforming of hydrocarbons results in a very large volumetric increase, see reactions (6) (7) (8) . Therefore, the power required for compression of produced H 2 or synthesis gas to suitable product pressure becomes considerable for any process working at atmospheric pressure. As a consequence, elevated pressure during the reforming process would be highly beneficial for the overall efficiency, see Rydén et al 29, 30 . If the process is pressurized, the thermodynamics indicate that higher reactor temperature would be necessary in order to achieve complete conversion of the fuel.
Summary and conclusions
The experiments presented in this paper show that NiO supported on Mg-ZrO 2 could work well as oxygen carrier in chemical-looping applications.
The batch experiments indicate very high conversion of CH 4 once some metallic Ni is obtained. The selectivity towards combustion and partial oxidation can be controlled by altering the degree of reduction of the particles. Combustion is favoured at X above ≈0.90, while partial oxidation is favoured at X below ≈0.50.
The circulating fluidized-bed experiments worked flawlessly. 40 hours of operation were recorded. There were no problems with defluidization, agglomerations etc, despite the sometimes harsh experimental conditions. For chemical-looping combustion, γ eff up to 99.3%
was obtainable, which is very close to the theoretical maximum at 950ºC and slightly better than results obtained with NiO-based oxygen carriers supported on Al 2 O 3 -based materials, using similar reactor setup 9, 10, 15, 20 . For chemical-looping reforming, complete conversion of natural gas and very high selectivity towards H 2 and CO was achieved. Operating the reactor at the desired process parameters, i.e. Ψ=0. 30 and T fr =950ºC, worked well.
When only CH 4 or natural gas was used as fuel, very small amounts of solid carbon were found to accumulate in the reactor. Adding 30 vol% steam or CO 2 to the fuel removed this tendency.
The particles retained their physical and chemical structure reasonably well during operation. Used particles were found to be slightly more porous than fresh, and there was also a small loss of fines during operation. This is to be expected though.
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